Metal-organic framework nanosheets have gained great attention because of the diversified structures, tunable chemical functionalities, large surface area and ultrathin thickness. In this review, we introduce the recent progress in the favorable applications for catalysis, sensing, energy storage and gas separation, which has significantly addressed the advantages of the nanosheets. A summary of nanosheet fabrication approaches is put forward to establish a comprehension on the origin of the MOF nanosheets. And at last but not the least, we present the concerns on the challenges and opportunities of these materials from our perspectives.
Introduction
Metal-organic framework (MOF) materials, as one of the brightest rising stars involving chemistry, material and engineering interdisplinary fields, are a class of porous coordination networks comprised of metal ions/clusters and organic ligands. To date, over 70,000 structures have been effectively synthesized, as shown in the Cambridge Structural Database collection [1] . With new structures that constantly come forth, this kind of compelling materials has been verified to be ideal candidates for all sorts of applications, such as catalysis [2, 3] , gas storage and separation [4, 5] , sensing [6, 7] , drug delivery [8] and electrochemistry [9, 10] , benefitting from the diversified topologies, abundant open metal sites, customized pore sizes and geometries, ultrahigh surface areas and adjustable surface chemistry. And a number of intriguing composite materials derived from MOFs have attracted great attention and allowed for brand-new circumstances in the application fields.
MOF nanosheets, of which the size along one dimension is down to nanometer scale, are a class of newly emerging twodimensional (2D) materials [11, 12] . Different from the conventional bulk MOF crystals, they are able to furnish active sites more accessible for target substances, provide single-unit-thickness pathways for molecules to pass through, serve as nanoplatforms for hybrids and carbon nanosheets, and so on. Besides the chemical property modulation of 2D MOF nanosheets which can refer to the modification approaches originated from bulk MOFs, these flexible materials could assemble into particular structures, such as hollow nanocubes [13] , crumpled nanoparticles [14] , close-packed layers [15] , hierarchical and/or floral structures [16, 17] , endowing the materials with unprecedented, marvelous performances.
In this review, we will discuss the recent progress in the field of 2D MOF nanosheets during the past 5 years, highlighting the newly outstanding achievements for the applications of catalysis, sensing, energy storage and gas separation. And an introduction of MOF nanosheet fabrication approaches will be given. At last, concerns on the challenges of the MOF nanosheets and the future direction will be emphasized based on our personal perspectives.
Application hotspots 2.1 Catalysis
Taking advantages of large surface area, easily approachable modification sites and the obviously minimized transfer resistance from the exterior to the active sites, MOF nanosheets are gradually considered as more ideal catalytic supports to enable heteroatoms to be introduced into the structure than the bulk counterparts. Lin et al. [18] established a novel single-layered MOF nanosheet, BTB-MOL (BTB represents the organic ligand benzene-1,3,5-tribenzoate) via a one-pot solvothermal reaction (Figure 1(a-d) ), and further doped these nanosheets with a nitrogenous ligand 4′-(4-benzoate)-(2,2′,2″-terpyridine)-5,5″-dicarboxylate (TPY) to anchor the iron catalytic active sites (Figure 1(e) ). 100% conversion and pure anti-Markovnikov product were obtained for the stable Fe-TPY-BTB-MOL catalyst in the hydrosilylation of olefins over 48 h. Contrary to the 2D single layer structures, approximately zero catalytic activity of the homologous bulk MOFs was observed, which should be attributed to the formidable diffusional resistance within these framework channels. Lin et al. [19] subsequently developed new mono-ligand MOF nanosheets, the so-called TPY-MOLs, with Fe II coordinated to the TPY sites. Benefitting from the easily accessible secondary building units (SBUs) of the MOF nanosheets, 16 .7% of the capping formates on the SBUs were replaced by gluconic acid which distinctly tuned the hydrophobic nanosheets to hydrophilic ones without enlargement of diffusion barriers. This new catalyst showed 100% selectivity of butyrolactone in the photocatalytic aerobic oxidation of tetrahydrofuran, as a result of the retaining of the 2-hydroxy tetrahydrofuran within the hydrophilic microenvironment to allow for a further oxidation, highlighting the superiorities of MOF nanosheets in the catalysis applications. This kind of MOF nanosheets with isolated metal sites, serving as single-site solid catalysts, could be expanded to CoCl 2 •TPY-MOL for C-H activation [20] . In addition, various nanoparticles with high catalytic activity have been incorporated into the 2D MOF nanosheets, e.g. noble metals [13, [21] [22] [23] and MOFs [24] , giving full play to the advantages of these hybrid materials. For instance, Wang et al. [13] fabricated hierarchical Zn/Ni-MOF-2 nanosheet-assembled hollow nanocubes by means of the dissolution and recrystallization of Zn/Ni-MOF-5 crystalline cubes under solvothermal conditions. These hollow nanocubes composed of nanosheets were deposited with welldispersed Pd nanoparticles (Figure 1(f, g) ) and served as catalysts in the alkoxycarbonylation of aryl halides. Compared with pure Pd clusters, TiO 2 immobilized Pd clusters and Pd black, these organic-inorganic hybrid materials demonstrated the highest catalytic activity (Figure 1 (h, i)), which was attributed to the distinctive nanosheet structure and enhanced gas adsorption properties of the hierarchical nanosheet-assembled hollow nanocubes.
More recently, the integration of MOF nanosheets and immobilized exotic function materials was developed and employed as biomimetic enzymes to catalyze the cascade reaction. The synergetic effects of the hybrid nanocatalysts have attracted great attention. Zhang et al. [25] prepared 2D Cu-TCPP(M) (M=Fe, Co, TCPP=tetrakis(4-carboxyphenyl) porphyrin) nanosheets via a surfactant-assisted synthetic method, and deposited Au nanoparticles on these 2D nanosheets ( Figure 2 (a, b)), aiming at the utilization of the hybrid catalyst to mimic the enzymatic cascade reaction. The MOF nanosheets worked as peroxidase while the Au nanoparticles revealed glucose oxidase-like activity. In the presence of the catalyst and O 2 , glucose could be converted to gluconic acid and H 2 O 2 , while the latter was further involved in the oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB) to produce oxTMB (Figure 2 (c-e)), representing the cascade reaction have successfully taken place. This work was the first representation of MOF nanosheet-based hybrid catalysts for the enzymatic cascade reaction, evoking a series of reports on this kind of artificial biomimetic catalysts. Qu et al. [26] replaced the Au nanoparticles with glucose oxidase and reported a nontoxic catalyst based on the 2D Cu-TCPP(Fe) nanosheets. Glucose could be effectively catalyzed by the nanocatalyst to produce gluconic acid and H 2 O 2 in a similar way, and the generated H 2 O 2 was further catalyzed to release •OH which possesses excellent bactericidal activity.
Intrinsic unsaturated coordination metal nodes could also work as active sites in catalytic reactions [27, 28] . In general, these metal clusters of MOF nanosheets have strong Lewis acidity, endowing them with remarkable activity with both high conversion rate and selectivity. For instance, Zhao et al. [27] synthesized stable NUS-8 nanosheets via a one-step solvothermal synthesis approach. These nanosheets with a thickness of 10-20 nm and a lateral size of 500-1,000 nm revealed much better catalytic activity than the 3D counterparts in thioether oxidation reactions. With a catalyst loading of 1.5 mol%-5 mol% at room temperature, nearly 100% thioanisole could be converted to PhSO 2 CH 3 with a selectivity of 100% within 1 h. The authors attributed the catalytic superiority to the strong Lewis acidity of the approachable metal sites as well as the diffusion of substrates and products because of the thin thickness of NUS-8 nanosheets.
MOF nanosheets possessing metal nodes capable of valence change have been explored as promising candidates for high-performance electrocatalysis in many energy conversion systems involving oxygen evolution reaction (OER), oxygen reduction reaction (ORR) and hydrogen evolution reaction (HER). The coordinatively unsaturated metal sites are found out to be responsible for the high electrocatalytic activity, consequently the more metal sites exposed, the better. Besides, nanometer thickness and tunable functionalities alike facilitated the performance. Tang et al. [29] reported bimetal MOF nanosheets derived from Ni 2+ , Co 2+ and benzenedicarboxylic acid ligands, and elaborated their outstanding catalytic activity for the OER. Typically, these NiCo-MOF nanosheets showed a low onset potential of 1.42 V and an overpotential of 250 mV at 10 mA cm −2 compared with those of bulk NiCo-MOFs (1.48 V and 317 mV, respectively), and the OER performance was even enhanced when nanosheets were deposited on copper foam. Both Ni and Co atoms were more active than those of bulk MOFs, meanwhile the interactions between Ni and Co influenced the electronic structures, hence the bimetal-MOF nanosheets optimized the OER performance. Whereafter, Nibased bimetal MOF nanosheets were successively synthesized and verified as effective catalysts with high activity and superior stability for OER and beyond [30, 31] . Zhao et al. [30] developed ultrathin interlaced MOF nanosheet arrays grown vertically on nickel foam ( Figure 2 (f, g)). The unique NiFe-MOF catalysts with hierarchical architecture showed a much smaller overpotential (240 mV) at a current density of 10 mA cm −2 , compared with monometal MOF nanosheets (Ni-, 296 mV; Fe-, 354 mV), bulk powder (318 mV) and even commercial catalyst IrO 2 (320 mV). More impressively, the NiFe-MOF electrocatalyst worked with high efficiency likewise in HER and even full water splitting, for the latter the catalyst could deliver a current density of 10 mA cm −2 at a voltage as low as 1.55 V which was 70 mV smaller than that of commercial Pt/C cathodes and IrO 2 anodes ( Figure 2 (h)). Not only the high aspect-ratio with a thickness of 3.5 nm and a lateral size of >100 nm and the accessible metal sites promoted the catalytic activity, but the combination of hierarchical pores facilitated the diffusion of electrolytes and gaseous products which was essential in water splitting. Recently, π-conjugated 2D MOF nanosheets with large area were utilized as electrocatalysts for H 2 generation from water. Feng et al. [32] reported a free-standing single-layered nickel bis(dithiolene) MOF nanosheet with large lateral size of several millimeters. The nanosheet could be arbitrarily deposited on electrodes after fabrication via Langmuir-Blodgett method. Owing to the adequate exposure of nickel bis(dithiolene) motifs distributed on the large 2D monolayered nanosheets, this novel catalyst demonstrated an operating potential of 333 mV (10 mA cm −2 ) and a Tafel slope of 80.5 mV decade −1 as well in the HER, which were far surpassed the performance of carbon nanotube supported catalysts and some graphene-based catalysts, exhibiting the potential of large-area, ultrathin MOF nanosheets as superior electrocatalysts.
Sensing
Large surface area, ultrathin thickness and a considerable amount of active sites (both metal and ligand) equip MOF nanosheets with great potential in the application of sensing. More intriguingly, these flexible nanosheets could be highly dispersible in solutions just with an ultralow mass, or deposited on various patterned devices for portable detection systems. To date, numerous MOF nanosheets have been explored for sensing biomolecules, ions, volatile organic compounds, gases and so on, based on different sensing mechanisms. In general, these materials possess a high efficiency and/or a quick response to targets. Cu-TCPP nanosheets developed by Zhang et al. [33] were chose to serve as fluorescent sensing materials for DNA detection, revealing a significantly enhanced quenching ability and a minimized detection limit of 20×10 −12 M compared to the bulk counterparts and many other 2D nanomaterials, respectively. Single-stranded DNA (ssDNA) could interact with Cu-TCPP nanosheets via π-electron system of TCPP ligands while double-stranded DNA (dsDNA) could not (Figure 3 (a)), therefore the large surface area of the nanosheets providing more adsorption sites for ssDNA led to a more remarkable fluorescence quenching ability than that of the bulk counterparts ( Figure 3 (b)). Furthermore, aiming at practical sensing application, multiplexed DNA and interferent DNA molecules were detected using Cu-TCPP nanosheets, respectively. It came out that the multiple DNA could be detected simultaneously, while the addition of mismatch DNA was incapable of weakening the nanosheet sensing selectivity. More recently, a 2D Hofmann MOF monolayer nanosheet was synthesized and utilized as a sensing platform of fluorophores for signal switching through a ligand-to-metal charge-transfer quenching mechanism. That is to say, the electron of fluorophores (6-carboxyfluorescein) could transfer to the metal sites (Fe 2+ ) of the MOF nanosheets via axial coordination, and non-radiative transition of the metal excited state back to the ground state occurred, leading to a fluorescence quenching effect [34] .
Nanosheet materials with intrinsic fluorescence could also be deployed as sensing platforms. Qian et al. [35] exfoliated layered NTU-9 into nanosheets under continuous ultrasonication treatment. The obtained NTU-9 nanosheets showed larger photoluminescence intensity than the bulk counterparts. With the addition of various metal ions, these nanosheets demonstrated a distinct luminescent quenching effect within seconds only in the presence of Fe 3+ (Figure 3 (c, d)), and the best detection limit of 0.45 μM compared to almost all the reported bulk MOFs due to the much more accessible active sites on the nanosheet surface. Different from the mechanism mentioned above, once the Fe 3+ ions mixed with the NTU-9 nanosheets, electron transfer from the nanosheets to the Fe 3+ would take place, meanwhile Fe 3+ in aqueous solution had a competitive UV-Vis adsorption in terms of the nanosheets, and the two reasons mainly accounted for the highly selective quenching effect.
As mentioned above, one of the advantages of these MOF nanosheets is the executable and convenient assembly into various sensing devices because of the commendable minimized thickness and excellent flexibility. Sun et al. [36] reported a single-layered [Co(CNS) 2 (pyz) 2 ] n (pyz=pyrazine) nanosheet with a thickness of~1 nm. The nanosheets were used for the rapid sensing of solvents with different polarities visually, which should be ascribed to the ultrathin thickness and the abundant sulfur atoms with high electronegativity arranged on both sides of the MOF nanosheets. As testified by the UV-Vis absorption spectroscopy, each solvent showed unique interaction with the nanosheets, resulting in different colors, and this phenomenon was consistent in the presence of mixed solvents and even isomers ( Figure 3 (e, f)). Furthermore, with the deployment of nanosheet-coated test papers, one can in situ identify the solvents visually with the correlation of green/blue intensity ratio to the solvent polarity just using a smartphone APP (Figure 3(g) ).
It is noteworthy that, bulk layered MOFs, i.e. the precursors of nanosheets, have also been considered as potential candidates for the sensing applications in some cases owing to the tunable one-dimensional apertures, high surface area, abundant active sites on both sides and distinctively high conductivity derived from in-plane charge delocalization and extended π-conjugation within the 2D sheets [37] . For instance, Dincă et al. [37, 38] reported a series of conductive layered MOFs which could effectively recognize different categories of volatile organic compounds and NH 3 vapor via metal-site modulated charge transfer mechanism. In addition, lamellar MOF [Cu(p-IPhHIDC)] n with a high proton conductivity of 1.51×10 −3 S cm −1 (100°C, 98% relative humidity) was fabricated. Owing to the large amount of uncoordinated carboxylate units spread on both sides of the sheets, and the hydrogen-bonding networks formed under moisture condition, this layered MOF exhibited a good sensing performance with a low detection limit of 2 ppm to NH 3 gas and an outstanding selectivity of NH 3 over N 2 , H 2 , O 2 , CO, CO 2 , benzene and methanol [39] .
Energy storage
MOFs used to be considered as low conductive materials just because of their high porosity and insulating organic ligands, hanging off in the fields of energy storage and electronic devices. Benefitting from the luxuriant structural and chemical tunability, a series of stable MOF nanosheets have been achieved in recent years. It allowed the exploration of these MOFs extending to electronic applications. Electrochemical energy storage devices have developed rapidly to satisfy the requirements for portable and lightweight devices with high energy density. Lithium ion batteries (LIBs), as typical energy storage devices, have been widely used in commercial electric vehicles, smart phones, notebooks and so on owing to the attractive advantages of durable life time, high energy density, free of toxic substances [40, 41] . The deployment of MOF nanosheets could facilitate ion diffusion and electron transport, and provide a large amount of unsaturated coordination sites for redox reactions, which are appealing to the LIBs [42, 43] . For instance, Mn-based MOF nanosheets coordinated with 1,4benzenedicarboxylic acid (H 2 BDC) have been used as anode materials in LIBs (Figure 4 (a, b)) [43] . These sub-10 nanometer-thick nanosheets showed a high charge capacity of The quenching efficiency of Cu-TCPP nanosheet and bulk counterparts for ssDNA(P1) and dsDNA (P1/T1) (left) and the fluorescence intensity ratio of Cu-TCPP nanosheets and bulk MOFs (right) [33] . (c) Illustration of metal ion luminescent sensing in the presence of NTU-9 nanosheets. (d) The intensity of photoluminescence spectra at 530 nm of the aqueous solution of different metal ions in the presence of NTU-9 nanosheets [35] . (e) Color display of the [Co(CNS) 2 (pyz) 2 ] n nanosheets suspension in different solvents and (f) the corresponding UV-Vis absorption spectra of these suspensions [36] . (g) Illustration of the in situ visual solvent detection and the corresponding solvent polarity by using nanosheet-coated test papers [36] (color online). 1187 mA h g −1 . After a high-rate cycling, the capacity of Mn-MOF nanosheets could approach~1332 mA h g −1 , and the nanosheet electrode maintained a capacity of 818 mA h g −1 even and nearly 100% columbic efficiency after 300 cycles (Figure 4(c) ). All these revealed a good stability and cycling performance, which surpassed the performance of previously reported Mn-based MOFs. These progresses exhibited the great potential of MOF nanosheets to work for LIB applications. Moreover, light-weight MOF nanosheets have been explored their potentials as polysulfide barriers in lithium sulfur (Li-S) batteries recently ( Figure 4 (d, e)) [44, 45] . Owing to the intrinsic regular aperture sizes within the nanosheet plane and strong interactions between the MOF nanosheets and polysulfides, the battery separators modified with MOF nanosheets were capable of mitigating the polysulfide shuttling effect, leading to an enhanced capacity performance and cycling stability (Figure 4 (f)).
Electrochemical capacitors, i.e. the so-called supercapacitors, have gradually gained intensive attraction ascompetitive candidates in energy storage applications in virtue of fast charge/discharge capacities within seconds, high power density and an exceptional cycle lifetime [46] . Based on different charge delivery and uptake mechanisms, there are three types of electrochemical capacitors in general. The pseudo-capacitors realize charge storage via redox reactions, while hybrid capacitors combine the advantages of batteries (high energy capacity) and capacitors (high power capacity) [47] , the electrochemical double layer capacitors (EDLCs) was the third and the most common one involving materials with high surface area and high electrical conductivity. With the development of 2D MOFs possessing specific electronic conductivity, these materials are pressed into pellets and employed as electrodes in capacitors. To date, layered MOFs usually performed better than the nanosheets considering the charge flow was proportional to the mass loading [48] . As lamellar MOFs are the precursors of MOF nanosheets, and there are some joint advantages between the two analogous structures such as large surface area, channels (pores) for electrolyte accommodation and approachable metal sites on both sides of the sheets, here we will introduce some representative achievements of 2D MOFs in capacitor field which may shed light on MOF nanosheet applications.
In 2016, Chen et al. [47] , simultaneously revealed a good stability for 5,000 cycles [49] .
With a highly conductive 2D MOF reported by Dincă et al. [50] , his group then developed the very first EDLC constructed thoroughly with this pure conductive MOF [51] . The 2D MOF, Ni 3 (HITP) 2 (HITP=2,3,6,7,10,11-hexaiminotriphenylene), possessed one-dimensional channels with a diameter of 1.5 nm and a high Brunauer-Emmett-Teller surface area of 630 m 2 g −1 , allowing for ample electrolyte accommodation and high capacitance ( Figure 5(a, b) ), respectively. After being pressed into pellets and consequently serving as electrodes with a density of 0.6±0.2 g cm −3 , the Ni 3 (HITP) 2 EDLC showed a gravimetric capacitance of . The normalized capacitance (18 μF cm −2 ) was higher than those of any carbon materials except for holey graphene (Figure 5(c) ). And equivalent series resistance (ESR) of the corresponding twoelectrode supercapacitor cell equipped with Ni 3 (HITP) 2 was measured as low as 0.47 Ω, which was much lower than those of graphene supercapacitors (3.2-4.6 Ω). More interestingly, this EDLC possessed remarkable stability on galvanostatic charge-discharge cycling between 0 and 1 V at 2 A g −1 over 10,000 cycles ( Figure 5(d) ), without any change in ESR. This work opened the door for the conductive MOFs to be deployed as supercapacitor active materials. Excluding the interference of conductive additives or binders, the performance of this kind of EDLCs could be enhanced thoroughly from molecular engineering perspective. Bao et al. [52] recognized only moderate gravimetric and volumetric capacitances were achieved once based on electrical double layer storage mechanism. Instead, taking advantages of pseudocapacitive mechanism, they demonstrated a redox-active 2D MOF which was constructed from hexaaminobenzene (HAB) and Ni(II)/Cu(II) metal sites ( Figure  5(e-h) ). These layered nanoparticles were pressed into pellets which showed a high packing density of~1.80 g cm −3 .
The neat Ni-HAB and Cu-HAB MOF revealed a conductivity of 70±15 S m −1 and 11±3 S m −1 at room temperature, respectively, ensuring their utilization for capacitor electrodes. Although with the addition of binder (5% polytetrafluoroethylene) and conductive additive (5% carbon black), the obtained 2D MOF-based capacitors demonstrated high gravimetric capacitances of 420 F g −1 for Ni-HAB and 215 F g −1 for Cu-HAB ( Figure 5(i) ), benefitting from the realization of the pseudocapacitive mechanism. Moreover, for a self-supported pure Ni-HAB pellet with a thickness of 50 μm, the volumetric performance was as high as 760 F cm −3 , simultaneously an areal capacitance of 23 F cm −2 (at 0.2 m V s −1 ) was achieved when the pellet thickness was increased to 360 μm, which should be ascribed to the small particle size. The excellent performance far surpassed those of the reported carbon and 2D carbide electrodes, and was the historic record in areal capacitance for additive-free electrodes ( Figure 5(j) ). For practical devices, the cycle life of electrochemical capacitors is an essential parameter. The Ni-HAB capacitor remained 90% of the capacitance after 12,000 galvanostatic charge/discharge cycles at 10 A g −1 , revealing an outstanding cycling stability. Prospectively, this work would inspire the controllable synthesis and tunable modification of application-oriented conductive MOFs towards the energy storage realm.
Despite the progress made in the electrochemical capacitors, the design of novel 2D MOFs with higher specific surface area and higher capacitances, the elimination of additives and binders, and the structural and chemical stability of active materials in harsh electrolyte environments have still been considered as big challenges.
Gas separation
Gas separation, including carbon capture and storage, hydrogen isolation and recovery, natural gas upgrading, oxygen/nitrogen enrichment, and hydrocarbon separation, is a key process in modern chemical engineering industry [5] . Compared to conventional separation technologies involving high energy consumption, cryogenic distillation, condensation and absorption for example, membrane-based gas separation process without phase change could save up to 50% of the production costs [53] . In addition, this energy-efficient technology is easy to operate simultaneously with small foot print, and the requisite devices are significantly simplified. These advantages endow membrane-based gas separation with great competitiveness.
Gas permeability and selectivity are two vital performance indexes for membrane materials. Benefitting from the diversified structures, tunable chemical functionalities, ultrathin thickness and a large number of in-plane aperture arrays, MOF nanosheets have been considered as ideal building units for membranes with superior permeability and selectivity. According to different composition structures, MOF nanosheet-based membrane could be roughly divided into simplex MOF membranes and mixed matrix membranes (MMMs). Typically, the simplex MOF nanosheet membranes are entirely consist of parallel close-packed MOF nanosheets distributed on porous substrates. Molecules pass through the membranes along two pathways, namely straight channels composed of the in-plane apertures and circuitous channels composed of interlayer galleries, realizing precise molecule recognition via molecule sieve mechanism [54] . While the latter is a composite of MOF nanosheets dispersed in polymeric matrix, providing with merits of both MOF nanosheets and polymers [55] .
Our group has demonstrated the very first example of the simplex MOF nanosheet membranes for gas separation ap-plications [54] . In this work, with novel single-layered nanosheet as building units (Figure 6(a-d) ), sub 10 nm-thick Zn 2 (bim) 4 (bim=benzimidazolate) nanosheet membranes were assembled on porous α-Al 2 O 3 substrates by a hot-drop coating method ( Figure 6 (e, f)). On account of the wellknown flexibility of MOF materials, the abundant apertures spread on the nanosheets with a crystallographic size of 0.21 nm would permit the permeation of H 2 molecules (0.29 nm) through the membranes, while impeding the transport of larger molecules. Indeed, these novel MOF nanosheet membranes displayed a marvelous H 2 /CO 2 separation performance with a selectivity of~300 and a H 2 permeance of several thousand GPUs (gas permeation unit, 1 GPU= 1×10 −6 cm 3 cm −2 s −1 cmHg −1 ) ( Figure 6(g) ), far exceeding the Robeson's upper bound for H 2 /CO 2 gas mixture. Regardless of the weak interactions between the adjacent nanosheet building units, these ultrathin 2D membranes exhibited a good stability under different conditions for more than 400 h, and the separation performance of the membranes could recover even after being exposed to a feed containing~4 mol% steam at 150°C ( Figure 6(h) ). This work opened the door for the construction of novel ultrathin 2D molecular sieve membranes towards the high-efficient gas separation. Subsequently, We developed another 2D MOF nanosheet membranes with the deployment of novel amphiprotic nanosheets [Zn 2 (Bim) 3 [56] . For a single-layered sheet, each Zn ion was coordinated with three benzimidazole ligands on one side and the remaining aqua ligands were arranged on the other. The apertures with a theoretical size (0.289 nm) larger than that of Zn 2 (bim) 4 showed a relatively moderate H 2 /CO 2 selectivity. Surprisingly, the performance of these amphiprotic nanosheet membranes was enhanced with the increment of testing temperature, and the selectivity approached to 166 with a H 2 permeance of up to 8×10 −7 mol m −2 s −1 Pa −1 (~2,400 GPUs) owing to the inherent amphiprotic nature and a well-defined size exclusion effect.
Later, Zhao et al. [57] disintegrated a layered mesh adjustable molecular sieve, MAMS-1, into nanosheets, and assembled them on porous anodic aluminum oxide substrates. A 40-nm-thick membrane demonstrated a H 2 /CO 2 selectivity of 235 and a H 2 permeance of 553 GPUs, as a result of gas permeation dominated by molecule sieve mechanism alike. Moreover, owing to the inherent rotation of tert-butyl groups on the nanosheets, the H 2 pathway was blocked at elevating temperature, and H 2 permeation would recover when cooling down to room temperature. This intriguing reversible thermal-switchable behavior would play a role in some temperature-dependent separation applications. More recently, Zhang et al. [58, 59] developed a strategy to fabricate 2D MOF nanosheet membranes via self-conversion of ZnO nanoparticles with/without the assistance of graphene oxide (GO). The obtained Zn 2 (bim) 4 nanosheets were adherent to each other and the corresponding nanosheet membranes displayed both high H 2 /CO 2 selectivity and high H 2 permeance, verifying the feasibility for large-scale production of MOF nanosheet membranes.
As mentioned above, molecules passed the MOF nanosheet membranes via two different pathways. To enhance the separation performance, strategies have been put forward to reduce the non-target diffusion pathways. Jiang et al. [60] reported a CuBDC nanosheet membrane. With the introduction of GO, the voids between the adjacent nanosheets were well-repaired and simultaneously the mechanical strength of the membrane was enhanced because of the favorable interactions between flexible GO and CuBDC nanosheets. Correspondingly, the modified nanosheet membrane exhibited an improved H 2 /CO 2 separation performance compared with the original rigid membrane.
As for the MMMs, Gascon et al. [61] reported the first example of MOF nanosheet-based MMMs by incorporating CuBDC nanosheets in polyimide matrix. Benefitting from the large aspect-ratio of the nanosheets and the external shear forces during membrane casting ( Figure 6(i) ), the orientation of these MOF nanosheets was almost perpendicular to the gas flow direction, exposing the in-plane apertures in the direction of the gas and abstaining from nonselective pathways with a low nanosheet loading ( Figure 6(j-m) ). Hence, the molecule discrimination probability was significantly enhanced. The obtained self-supported MMMs showed a higher CO 2 /CH 4 separation performance compared to the neat polymeric membrane and the bulk CuBDC-based MMM. And more surprisingly, the selectivity of the nanosheet-based MMMs was further increased with the increment of the transmembrane pressure ( Figure 6(n) ), which should be ascribed to the excellent screening effect provided by the parallel nanosheets when the polymeric matrix swelled at high pressure. This breakthrough paved a new way for the hybrid membranes towards the practical CO 2 capture applications.
Besides the gas separation, separation in liquid conditions is also an important process for waste water treatment, dehydration of organic solvents, removal of large organic molecules and so on [62] . Although MOF nanosheets are considered to be not that stable because of their ultrathin thickness and a large amount of approachable active sites, with the development of novel stable MOF nanosheets and elegant modification strategies, a fast-growing potential is achieved for this kind of nanosheet membranes [63] [64] [65] .
Fabrication approaches of MOF nanosheets
Different fabrication approaches usually result in nanosheets with diverse morphologies and distinctive chemical natures, therefore apparently play a role in the performance. Generally, the fabrication approaches of MOF nanosheets can be divided into two strategies which are derived from the mature synthesis methods of inorganic nanosheets such as graphene, transition metal dichalcogenides and zeolite [66] [67] [68] . Since there have already been some reviews which elucidated the achievements on the synthesis of MOF nanosheets [11, 69, 70] , in this section we will try to introduce some representative progress along our thoughts and more importantly, put forward the newest developments on the synthesis strategies.
Top-down strategy
Top-down method involves the exfoliation of bulk layered MOFs into isolated nanosheets. Owing to the coordinated ligands spread on two sides of the sheets and residual solvent molecules in some cases, the interactions between two adjacent sheets are usually π-π stacking, hydrogen bonds, van der Waals forces and so on, which are much weaker than the coordination bonds between metal sites and organic ligands within the sheets. With the introduction of external forces, intercalated molecules and even chemical reactions, these weak interactions will be broken, realizing the successful exfoliation. As a prerequisite, a number of layered MOF precursors have been reported, allowing for the implementation of this strategy.
Exfoliation involving ultrasonication in liquid phase has been widely used to produce nanosheets in these years because of validity and convenience (Figure 7(a, b) ). With the assistance of this method, a series of MOF nanosheets with a wide range of aspect ratios were achieved [35, [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] . The nanometer thickness and aspect ratio could be roughly determined by the ultrasonicate duration (several minutes to hours) and intensity, the surface energy and polarity of the solvents (according to those of the MOF sheets). Despite the universality, there has always been a lack of general parameters for the ultrasonication-assisted exfoliation methods, and the probability of exfoliation for each lamellar crystal is somewhat stochastic.
Considering the weak interactions between the adjacent sheets, shear force and extrusion force parallel to the sheets, and swelling force perpendicular to the sheets have been introduced into the exfoliation processes to further enhance the exfoliation efficiency, together with the assistant of ultrasonication in some cases. Our group reported a low-power wet-ball milling with the assistance of high-power ultrasonication to disintegrate the layered Zn 2 (bim) 4 precursors into single-layered nanosheets. While the exfoliation solvents, a mixture of methanol and n-propanol, swelled the interlayer spacing and adsorbed on the sheets, the wet-ball milling technology provided ample shear and extrusion force to readily peel these single-layered nanosheets off from the bulk precursors. The crystalline nanosheets with a thickness of 1.12 nm and a lateral size of~2 μm exhibited an exceptional thermal stability up to 200°C, and a negligible tendency of restacking owing to the appropriate solvents, which favored the deployment of nanosheets in gas separation applications [54] . Swelling by solvent molecules is a facile and highly efficient approach. Zamora et al. [81] demonstrated a solvent-induced exfoliation method to delaminate the layered [Cu(μ-pym 2 S 2 )(μ-Cl)] n •nH 2 O (pym 2 S 2 = dipyrimidinedisulfide) just by fully immersing the material in water for several days. Water molecules penetrated the interlayer cavities and swelled the sheets alone the exfoliation axis, achieving single-layered MOF nanosheets without any decrystallization. Later a similar report on a novel lamellar MOF structure that could uniformly exfoliate into monolayered and bilayered nanosheets in aprotic polar solvents was demonstrated by Aida et al. [82] . Zhao et al. [57] reported a freeze-thaw process to exfoliate the MAMS-1 via periodic freezing in liquid nitrogen bath (−196°C) and thawing in hot water bath (80°C) (Figure 7(c) ). The induced significant volumetric change of hexane which served as exfoliation agent triggered a shear force, hence facilitated the successful exfoliation of MAMS-1 crystals into dispersed nanosheets. Owing to the shear forces well-distributed in the entire solid-liquid mixture, this method was highly efficient to achieve 95% nanosheets with a thickness of~4 nm ( Figure  7(d, e) ). With a further size-fractionation, the nanosheets with a lateral size ranging from 20 to 24.3 μm were isolated for membrane-based applications.
Although the adhesive tape-assisted micromechanical exfoliation is well-known for the fabrication of graphene [83] , this convenient exfoliation method has rarely been utilized to exfoliate the layered MOFs, especially for the MOF with charged layers when other methods with interferents are inapplicable. Coronado et al. [84] recently reported the micromechanical exfoliation of 2D magnetic MOFs using adhesive Scotch tape, and as a result, nanosheets formed by ionic components with a thickness of~2 nm were obtained. As a comparison, the exfoliation efficiency was much higher than that of ultrasonication method in liquid phase. More recently, the same group reported a robust magnetic layered MOF MUV-1-X (MUV=material of the university of Valencia; X=H, Cl, Br, CH 3 , NH 2 ), and further exfoliated this material down to dispersed monolayers using a plastic tape. After depositing the nanosheets on a silicon substrate and removing the tape, flakes with a large lateral size of >1 μm were verified by optical and atomic force microscopies, revealing a good air-stability of these nanosheets. The intriguing magnetic nature and the excellent stability enabled the isolated nanosheets to serve as promising candidates in electronics magnetism transitions and sensing applications [85] . Furthermore, Tongay et al. [15] also demonstrated the exfoliation of van der Waals (vdW) MOF-2 nanosheets using Scotch tape method (Figure 7(f, g) ). All the progress men-tioned above displayed the mechanical exfoliation was a very convenient and universal method to produce highquality MOF nanosheets. Without any additives and solvents, the obtained nanosheets could be used to elucidate their distinctive natures, such as mechanical, optical and electrical properties.
Exfoliation based on intercalation and chemical reactions could synthesize ultrathin MOF nanosheets in a high yield.
Typically, Zhou et al. [86] used a labile ligand, 4,4′-dipyridyl disulfide (DPDS) to incorporate with MOF within the interlayer galleries. As testified by X-ray diffraction analysis, the DPDS coordinated with the unsaturated metal sites of the layered MOF (PPF-1) and then swelled the material. After the labile ligands were reduced by trimethylphosphine (TMP), the sheets were successfully peeled off, resulting in a high yield (~57%) of single-layered nanosheets with crystalline structure (Figure 7(h) ). The exfoliation process could be easily controlled by varying the amount of TMP and the reduction reaction time to achieve nanosheets with different thicknesses. This novel approach opened a door for the efficient fabrication of various MOF nanosheets, simultaneously realizing a synchronous modification. More recently, Zhang et al. [87] reported an intriguing electrochemical exfoliation of a novel 3D pillared-layer MOF in an O 2 saturated solution during OER process. The pillar ligand, 2,3-dihydroxy-1,4-benzenedicarboxylic acid (H 4 dhbdc) was found to be easily oxidized and spontaneously broke away from the sheets under O 2 atmosphere, enabling the original 3D MOF to transform to nanosheet structure. The nanosheets exposed more metal active sites than the 3D counterpart, resulting in an improved OER performance. Moreover, this electrochemical exfoliation strategy allowed a simultaneous Fe doping, a further enhanced turnover frequency of 30±2 s −1 at an overpotential of 300 mV was achieved which was much higher than those of heterogeneous catalysts. And a similar pillared-layer MOF was newly reported by the same group [88] . The pillar ligands furnished between the sheets of the 3D (H 3 O) 2 [Cd 4 (dhbdc) 2 (H 2 dhbdc)(DMF) 4 ]H 2 O could be attacked and then replaced by water molecules, forming nanosheets capped with water on both sides. These exfoliation strategies were highly efficient, but we should note that there is a prerequisite, i.e. the coordination bonds within the sheets need to be strong enough while the pillar-layer binding strength should be moderate to be broke down.
Bottom-up strategy
Bottom-up strategy usually involves a one-step synthesis approach directly from metal ions and organic ligands. Varied from the reaction medium, the crystal growth could be in progress in solvothermal systems, two-phase interfaces, intermediate layer and confined space. On the other hand, introducing structural directing agents could also restrict the growth of the MOF crystals to nanometer scale along vertical axis without bothering in-plane growth. Although the obtained MOF nanosheets possess multi-layered structure with a thickness of dozens of nanometers, this strategy is widely used to synthesize crystalline nanosheets nowadays, especially for large scale-up synthesis.
For the solvolthermal synthesis, solvent is a vital parameter, actually in most cases a mixture of solvents is used. During the synthesis, solvents serve as deprotonation agents on one hand, and inhibitors to limit the growth of the materials perpendicular to the sheets or to impede interlayer bonding on the other hand, controlling the overall crystallization speed. For example, Kitagawa et al. [89] developed a solvothermal reaction method in a mixture of N,N-diethylformamide and ethanol to fabricate Cu-TCPP nanosheets, and the obtained nanosheets revealed a very uniform thickness of~15 nm and a lateral size of 300-500 nm. More recently, N,N-dimethylacetamide (DMAC) and water were found out to be very important for the synthesis of Ni-M-MOF nanosheets (M=Fe, Al, Co, Mn, Zn, Cd) in a largescalable solvothermal method (Figure 8(a, b) ). If only DMAC was used as solvent, powders with porous and fluffy morphology were obtained. Water could limit the growth of the nanosheets by occupying the metal coordination sites on the sheet layer, resulting a high yield of isolated nanosheets with a thickness of~2 nm [31] .
Derived from the synthesis approaches for zeolite nanosheets, structural directing agents have also been used for the MOF nanosheet solvothermal fabrication processes. Zhang et al. [33] developed a surfactant-assisted method to fabricate TCPP-based MOF nanosheets (Figure 8(c, d) ). Polyvinylpyrrolidone (PVP) adsorbed on the surface of the sheets and impeded their stacking and aggregation, leading to a series of uniform nanosheets with a thickness of <10 nm. In another case, cethyltrimethylammonium bromide (CTAB) worked as a confined template other than a capping agent. Lotsch et al. [90] deployed this surfactant to synthesize a novel 2D Zn-coordinated polymer. Layered Zn-organic ligand hybrids were constrained within the water reservoirs between the CTAB layers, consequently forming a fourlayered Zn(bim)(OAc) nanosheets (OAc=acetate anions). Similarly, Tsapatsis et al. [91] modified the CTAB-assisted synthesis of Zn(bim)(OAc) nanosheets. By changing the crystallization temperature, isolated Zn(bim)(OAc) nanosheets with a thickness of 7 nm and different morphologies could be achieved, which changed from nanobelt morphology at 110°C to square piece-like morphology at 25°C. More recently, Gascon et al. [92] reported a series of MOF nanosheets based on a CTAB-assisted preassembly of metallic species (Figure 8(e, f) ). In the presence of CTAB, Al 3+ ions were apt to form lamellar oligomeric structures, which facilitated the formation of MOF nanosheets. According to the synthetic route, nanosheets of NH 2 -MIL-53(Al), CAU-10(Al) and NH 2 -CAU-10(Al), which are wellknown as the bulk 3D particles, were successfully fabricated, fulfilling the synthesis scope of MOF nanosheets. The surfactant-assisted method could obtain uniform nanosheets in a high yield, but the removal of surfactant needs concern, to get rid of interference for applications. Coordination reactions occurring at two-phase interfaces have become fascinate methods to produce MOF nanosheets for the validity to scale-up, controllability of aspect-ratio and easy transfer to devices. Typically, two-phase interfaces involve liquid/air and liquid/liquid interfaces. Starting in 2010, Kitagawa et al. [93, 94] have developed a series of MOF nanosheets on liquid/air (usually water/air) interface with the assistance of Langmuir-Blodgett (LB) technology (Figure 8  (g, h) ). In the LB trough, organic ligand solution was dropped onto a metal aqueous solution, and the surface pressure was precisely controlled during the reaction by the LB system to ensure a fine crystallinity of the nanosheets. The thickness of these nanosheets could be determined by the repeated transfer times to a substrate. Inspired by this work, single to few-layered MOF nanosheets consisted of metal ions and hexafunctional terpyridine-based D 6h -symmetric monomer ligand [95] , NAFS-13 [96] , Ni-BHT [97] , Ni-THT [32] , and ZBCP [44] MOF nanosheets have been successfully synthesized. When air is replaced with an immiscible solvent, that becomes liquid/liquid interface. Metal ions and organic ligands usually dissolved in two immiscible solvents, and the mild coordination reaction occurred slowly when the reactant encounters each other. Nishihara et al. [98] [99] [100] used this strategy and developed a series of MOF nanosheets with multi-layered structures in succession, which were much thicker than the nanosheets obtained at liquid/air interface. In addition, Zhu et al. [101] reported a Cu-BHT (BHT=benzenehexathiol) MOF nanosheet via a water/dichloromethane interface reaction. As a result, a nanosheet with ultra-large lateral size (1 cm 2 ) and a thickness of >200 nm was achieved. As can be seen from these works, the more confined region reactions occur in, the thinner MOF nanosheets will be formed. Interestingly, in most cases nanosheets fabricated via the versatile interface reactions possess very large lateral sizes up to centimeter scale, which will definitely facilitate their assembly onto various devices.
Different from the mild liquid/liquid interface reactions which are usually carried out at room temperature, with very careful manipulation, miscible solvent-based synthesis approaches involving a thin buffer layer as reaction region have been developed to fabricate MOF nanosheets. Recently, Gascon et al. [ In addition, reports have gradually confirmed that MOF nanosheets can be synthesized within the confined region induced by nano-substances. Dong et al. [102] demonstrated the synthesis of uniform ZIF-67 nanosheets with the assistance of a large amount of NaCl salt. During the fabrication process, a limited solvent volume and a large salt-to-precursor ratio were the essential parameters for the nanosheet growth. Coordination reactions could only be confined in the gaps of the salt crystals, and simultaneously the limited solvent was incapable of ensuring the ample nutrient supply, leading to the preferential growth only along the salt crystal plane. Consequently, the ZIF-67 nanosheets with a thickness of 4.5 nm were obtained. With cheap salt and an ultralow volume of solvent used in this work, this salt templateassisted bottom up method shed light on the large scale-up synthesis of MOF nanosheets with an optimized cost. Recently, Thomas et al. [103] established a novel bottom-up strategy to synthesize ZrBTB nanosheets. Nanosheets grew within the transferred microdroplets which were surrounded by immiscible oil phase, and the induced diffusion and forced convection impeded nanosheets stacking. Therefore, the so-called "microdroplet flow reaction" method resulted in a high yield (a space-time yield of 385 kg m −3 d −1 ) of isolated MOF nanosheets with a lateral size of 1-5 μm and a thickness of~3 nm (Figure 8(i, j) ), verifying the capability for scale-up production of MOF nanosheets powder.
Conclusions and perspective
MOF nanosheets with a diverse range of structures and chemical natures have already been put forward worldwide these years, attracting intensive attention in many applications like catalysis, gas separation, sensing and energy storage. The inherent natures are strongly determined by the compositions and the fabrication approaches, which in turn have a significant influence on the performances. Although lots of fantastic work has been done in the pivotal application fields as mentioned in the previous sections, we should be aware of that this kind of low-dimensional materials is still in its infancy. For example, electrocatalysis involving MOF nanosheets for OER, ORR and HER is a hotspot, but the performances that can compare favorably with those of metallic NiFe-based catalysts are rare. As for the supercapacitor applications, the electrodes made from MOF nanosheets are still not conductive enough, resulting in the usage of conductive additives and binders without fully taking advantages of the nanosheet structures. In addition, MOF nanosheets as building units for highly efficient separation have opened a door for the construction of the next generation of ultrapermeable membranes, however, MOF nanosheets cannot gain desirable separation performance at high operation temperature and pressure alike. Moreover, the stability of MOF nanosheets significantly hindered the application when encountering with harsh testing conditions. Actually to date, we can still hardly make a choice between the stability and minimized thickness. Therefore, the application-oriented development of highly stable MOF na- nosheets allows of no delay.
Nowadays, the development of MOF nanosheets is apt to be a proof-to-concept one, for the lack of authentic and universal synthesis methodologies. Compared with the MOF collection database, 2D MOF structures are still rare. Topdown approaches depend on layered MOFs that have been discovered, while the bottom-up approaches are restricted to the certain ligand series or the similar coordination natures. Besides, it is difficult to achieve all sorts of MOF nanosheets with large aspect ratio and minimized thickness simultaneously which can bring the 2D materials' superiority into full play. To full address the potential of MOF nanosheets, a versatile scale-up synthesis method needs to be put forward.
Modification may provide new opportunities for the utilization of MOF nanosheets, because both the in-and outplane structures and the assembled morphologies could be tuned. Till now the most widely used modification methodology is to serve as platforms for carbides, which possess abundant active sites and enhanced stability compared with original MOFs. Modification methods remain as big challenges, the development of facile methodologies and new MOF nanosheet-based hybrids will surely pave a way to expand the application scope of MOF nanosheets.
To sum up, MOF nanosheets, as a class of novel 2D materials, become research hotspots when they firstly came into sight in last few years, owing to their diversified structures and intriguing chemical properties derived from metal ions and organic ligands. Each progress reviewed in the previous sections remains as a breakthrough. With many efforts to be made, a high yield of new MOF nanosheets with permanent crystallinity and high stability, economic raw materials and large aspect ratios need to be addressed on the way to bring these materials to practical industrial realms.
